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SUMMARY 
Given the wide range of industrial processes where adsorption could be involved, 
mathematical models to describe how it performs are a very useful tool. 
 
The selection of a particular model to solve a problem is given by the nature of the system 
(i.e. what phenomenon is actually more important than the other), the acceptable complexity of 
the equations to represent it, and the computing resources available to find a solution (which are 
inversely proportional to the time the engineer needs to wait to get the result). These points 
determine what are the necessary assumptions to be made to develop a mathematical model. 
 
For the model development a study of what are the relationships and factors involved in the 
adsorption process has been made. 
 
Once different models have been developed with the help of mathematical software, a 
computational simulation was made to verify to verify whether they conform to reality. 
 
Due to the differential nature of the adsorption processes, it has been resorted to numerical 
methods to develop the necessary software required for the simulation. 
 
The verification of the adjustment to the reality of each of the models developed in this work 
has been done by comparing the profiles of concentrations and temperatures that can be 
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RESUMEN 
 
Dado el amplio abanico de procesos industriales en los que la adsorción puede, los 
modelos matemáticos para describir cómo ésta lleva a cabo son una herramienta muy útil. 
 
La selección de un modelo en particular para resolver un problema viene dado por la 
naturaleza del sistema (es decir, qué fenómeno es en realidad más importante que la otra), la 
complejidad aceptable de las ecuaciones para representarlos, y los recursos informáticos 
disponibles para encontrar una solución (que son inversamente proporcionales a la vez que el 
técnico tiene que esperar para conseguir el resultado). Estos puntos determinan cuáles son los 
supuestos necesarios que deben introducirse en el desarrollo de un modelo matemático. 
 
Para el desarrollo de los modelos se ha realizado un estudio de cuáles son las relaciones y 
factores implicados en el proceso de adsorción. 
 
Una vez diferentes modelos han sido desarrollados, con la ayuda de un software 
matemático, se ha procedido a la simulación computacional de dichos modelos matemáticos 
para verificar si se ajustan a la realidad.  
 
Dada la naturaleza diferencial de los procesos de adsorción se ha recurrido a métodos 
numéricos para poder desarrollar los programas necesarios de cara a la simulación. 
 
La verificación del ajuste a la realidad de cada uno de los modelos desarrollados en este 
trabajo se ha realizado mediante la comparación de los perfiles de concentraciones y 
temperaturas que se pueden obtener de la simulación de una columna determinada.  
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INTRODUCTION 
 
When talking about adsorption, processes like gas treatment, gas purification or gas 
recovery easily come to mind. There are infinite ways to carry out these processes but the 
essence of these processes is the same, the exchange of matter between a fluid and a solid in 
contact with it. 
How fluid and solid exchange matter depends on how these get in contact and the 
properties of solid and fluid phases. 
There are two representative ways of contacting the phases: 
-Batch processes: Where solid and fluid are charged at the same time and they exchange 
matter in a closed system until the solid is saturated. 
-Fixed-bed processes: Where a column is filled with the solid and the fluid passes through it 
until the solid is saturated, therefore this is not a closed system. 
Solid and fluid properties are susceptible to the system’s conditions in which the process is 
carried out (temperature, pressure concentrations…). This susceptibility to conditions is what 
industry takes advantage of when it is desired to regenerate the solid once it has been 
saturated. 
A mathematical description of the adsorption operation is a very useful tool in understanding 
how this process takes place, and therefore, is very useful when designing adsorption 
processes. 
For a mathematical description of an adsorption process, a mathematical model that 
describes the exchange of matter and energy between the two present phases should be 
posed. Given the nature of these processes, the model presents differential nature and its 
resolution will be more difficult as the model stringency increases, as no steady state operation 
is ever achieved.  
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OBJECTIVES 
This project is focused on the development of different mathematical models that could 
represent the effect of different assumptions that can be considered when carrying out an 
adsorption process in a fixed-bed  
 
Thus models to be studied are: 
I. One component isobaric-isothermal-Local Equilibrium (LEQ) adsorption model. 
II. One component isothermal-Local Equilibrium (LEQ) adsorption model. 
III. One component isothermal-Linear Driving Force (LDF) adsorption model. 
IV. Competitive (two components) isothermal-LDF adsorption model. 
V. One component Adiabatic-LDF adsorption model. 
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1. MATHEMATICAL DESCRIPTION OF ADSORPTION 
As has already been mentioned before, for a mathematical description of adsorption, mass 
and energy exchange must be described. The equations that model such exchange are the 
Mass Balance (MB)  Eq: 1 
 and the Energy Balance (EB) Eq: 2. 
1.1 MASS AND ENERGY BALANCES  
Since adsorption is a continuous operation, or differential contact, these balances have to 
be set for a differential column height. In Figure 1 a fixed bed height differential scheme is 
shown. 
 
Figure 1: Height differential scheme (1): Convective flux. (2): Solid-phase. (3): Stagnant fluid-phase 
(Richard G. Rice and Duong D. Do “Applied Mathematics and Modelling for Chemical Engineers”, John 
Willey and Sons, 1995) 
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1.1.1 MB description 
One-component mass balance for a column height differential is: 
 
  + 	 + 

 =  
    
Eq: 1 
Where: 
 is the bulk density.  is the component  solid-phase concentration.  is the bed 
porosity.  is the fluid velocity.	 is the component  fluid-phase concentration.  component  fluid-phase mol fraction.  is the axial dispersion coefficient. 
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Table 1: MB description 
The overall mass balance is the combination of mass balances of each component present 
in the column. 
  
MB Term Description Common name 
   
Describes how solid-phase’s solute 
concentration varies over time in a 





 	  
Describes how stagnant fluid-
phase’s solute concentration varies 








Describes how fluid-phase’s solute 
concentration varies as it passes 




    
Describes how axial diffusion 
impact on the fluid-phase’s solute 
concentration along the column. 
 
“Diffusive term” 
14 Iglesias Fernández, José Manuel 
1.1.2 EB description 
The EB for a column differential Eq: 2¡Error! No se encuentra el origen de la 
referencia..a has an analogous form as the MB, with the difference that the EB have a 




 !" + 





+  # + )*+
, −  -./ =

 01
 # 2 
Eq: 2.a 
Where: 
is the solid heat capacity.	is the component  ideal gas heat capacity.  ! is the 
solid-phase temperature.  # fluid-phase temperature % isosteric heat of adsorption. ( is the 
pressure. *+ is the global energy transfer coefficient. ./ is the column radius 
A brief description of the meaning of each term that appears in the MB can be found in 
Table 2. 
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EB Term Description Common name 
  +
'
 !"  
Describes solid’s energy 
accumulation over the time 
expressed in terms of solid’s phase 
temperature. 	∑ '  can be 
neglected since   ≫  
”Solid-phase 
temporal term” 
  #"  
Describes stagnant fluid-phase’s 
energy accumulation, Expressed in 
terms of fluid-phase’s temperature 
variation, over the time, and in a 




















)*+, −  +./  
Describes how the phases 
exchange energy with column wall. 
 
“Exchange term” 
  #  
Describes how energy passes 
along the column due to 
convection. It’s expressed in terms 





 # ] 
Describes how diffusion impact in 
the energy transported. 
 
“Diffusive term” 
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Since temperature is assumed homogenous in a certain height differential, the temperature 
of the solid-phase	 ! and the stagnant fluid-phase 	 # are considered equal. So, both 
terms, solid-phase’s energy accumulation and stagnant fluid-phase’s energy accumulation, can 




 !" + 
 #" = [  +'  + 
]  "  
 
This assumption leads to the next EB expression: 
[  +
'





+   + )*+, −  -./ =

 [1  ] 
  Eq: 2.b 
 
To solve these balances, the relationship between the concentration in the fluid phase and 
the concentration in the solid phase needs to be known. To asses this relationship there are 
different models (1), this work focuses on two: 
 -Local Equilibrium (LEQ) model 
 -Linear driving force (LDF) model 
Before entering in the description of these models, for its understanding it’s necessary to 
analyse how the mass transfer from the fluid-phase to solid-phase takes place and what are the 
factors that can influence this transport. 
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1.2 TRANSPORT BETWEEN SOLID AND FLUID PHASES 
The mass transport of solute from fluid phase to the solid phase is characterized by the 
solute interaction with the solid (Sorption equilibrium) and the way in which such transport 
occurs (the path the solute from the fluid to the solid phase follows) 
1.2.1Transport Characterization 
A main point in the study of any process that implies a driving force is the limits, that is, 
when the mass transport is maximum and minimum. It stands to reason that mass transport will 
be maxim when the quantity of solute adsorbed is zero, and it will be minim when the solid 
phase is saturated. 
A saturated solid means that the adsorbed solute quantity is in equilibrium with solute 
quantity present in the enveloping fluid-phase. This equilibrium can be represented by an 
equilibrium isotherm. 
1.2.1.1 Sorption Equilibrium 
Many models can be found in the bibliography (2), (3) to represent the equilibrium isotherm 
between solid and fluid phase. 
Representative shapes of isotherms are shown in Figure 2Where the relationship between 
the solute fluid-phase partial pressure (7&) and its equilibrium solid-phase concentration (&) is 
represented 
Where type I isotherms are commonly called “favourable”, type III “unfavourable” Other 
isotherms (types II, IV, and V) have one or more inflection points. 
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Figure 2: Isotherms representative shapes. 
(M. Douglas LeVan, P. D.; Giorgio Carta, P. D. PERRY's CHEMICAL ENGINEER HANDBOOK, 8th ed.; 
McGraw-Hill, 2008) 
The designations “favourable” and “unfavourable” refer to fixed-bed behaviour for the 
adsorption step, as much “favourable” isotherm, more compact wave shape across the column 
length. However, for cyclic or regenerative processes, a favourable isotherm for adsorption is 
unfavourable for desorption, and thus a mid-point needs to be found for an economical 
meaningful operation of adsorption-desorption in an industrial environment. 
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1.2.1.2 Transport Mechanisms 
Figure 3 shows porous adsorbent particles in an adsorption bed, this illustrates the nature 
and location of individual transport and dispersion mechanisms. These mechanisms can be 
divided into two groups due to their location. 
 
Figure 3: Transport mechanisms location 
(M. Douglas LeVan, P. D.; Giorgio Carta, P. D. PERRY's CHEMICAL ENGINEER HANDBOOK, 8th ed.; 
Intra-particle Transport Mechanisms may be limited by pore diffusion, solid diffusion, 
reaction kinetics at phase boundaries, or two or more of these mechanisms together.  
1. Pore diffusion in fluid-filled pores. 
2. Solid diffusion in the adsorbed phase.  
 3. Reaction kinetics at phase boundaries. 
Extra-particle Transport and Dispersion Mechanisms are affected by the design of the 
contacting device and depend on the hydrodynamic conditions outside the particles. 
4. External mass transfer between the external surfaces of the adsorbent particles and the 
surrounding fluid phase. 
 5. Mixing, or lack of mixing, between different parts of the contacting equipment.  
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This may occur through the existence of a velocity distribution or dead zones in a packed 
bed. In packed-bed adsorbers, mixing is often described in terms of an axial dispersion 
coefficient whereby all mechanisms contributing to axial mixing are lumped together in a single 
effective coefficient (DL). 
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1.2.2 Models to estimate solid concentration 
As mentioned in Section 1.1.2 the relationship between solid and fluid phase 
concentrations must be known to achieve MB and EB resolution. Many models can be found (1) 
(2) to describe this relationship with the difference that each with different assumptions 
regarding how transport takes place and how the solute behaves in the solid. 
1.2.2.1 Local Equilibrium (LEQ) model 
LEQ model assumes that mass transfer takes place immediately and equilibrium controls 
adsorption. 
With these considerations, the adsorbed concentration can be estimated through equilibrium 
isotherm as: 
 = ∗ 
For a single component exchange the classical isotherm is the Langmuir’s isotherm,  
∗ = 9:;<= + <  
Eq: 3.a 
Where 9:;is the monolayer capacity approached at large concentrations and < is 
Langmuir’s equilibrium constant. 9:; and < are temperature dependent but in this work both 
are considered constants (4). Langmuir’s isotherm for multicomponent exchange, usually called 
“competitive exchange” (2), where components individually follow Langmuir isotherms, is: 
 
 
∗ = 9:;<= + ∑ <>>>  
 Eq: 3.b 
Where j is summed over all components. 
LEQ model is not realistic because in many cases, the controlling stage is the transport from 
fluid-phase to solid-phase and not the difference in the equilibrium properties between 
components. However, the LEQ model is useful for a first study of the column as it gives the 
minimum column size for a specific adsorption process or, otherwise, the maximum time it 
would take to saturate a specified column. 
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1.2.2.1 Linear Driving Force (LDF) model 
LDF model is a more plausible and well extended model that groups all the resistances 
implicated in mass transfer in one coefficient (KLDF). This model estimate adsorbed solid 
concentration by expressing the adsorption term as a linear function of concentration 
differences Eq: 4: ??' = <@A(∗ − ) 
Eq: 4 
Where KLDF is the linear driving force coefficient and (∗ − ) is the driving force in 
terms of generated potential between average solid-phase concentration and equilibrium 
concentration based on involving gas phase concentration. And ∗ is evaluated unsing Eq: 
3.a for one component exchange or Eq: 3.ab for multicomponent exchange. 
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1.3 FIXED-BED’S GENERALIZED STUDY 
In order for the mathematical model to allow comparison between columns with different 
parameters, the model must be as general as possible. This is achieved by using dimensionless 
variables when developing the balances. 
These variables will have the form  
BCDEFGGHIJ = KLMKLMJNOO  
Where KLMJNOO  is variable’s (KLM) reference value. 
1.3.1Dimensionless mass balance 
Dimensionless variables used in the mass balance are: 
 
Fluid-phase concentration 
ℂ = Q1 
Where Q1 is the fluid-phase’s concentration at column inlet. 
 
Solid-phase concentration 
R = Q1 
Where Q1 is the equilibrium concentration at inlet fluid-phase concentration. 
 
Velocity 
S = Q1 
Where Q1 is the velocity at the bed inlet. 
Height: 
T = UU.V## = U 
Where U.V## is the column’s height . 
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Time 
W = ''.V## 
Where reference time is the residence time, defined as: 
'.V## = '.V!&XV/V = .V##Y 
With these dimensionless variables mass balance transforms to: 
Z [\ +  
ℂ
W + 





_ Is the partion ratio, expressed as: 
Z =  Q1Q1 
And a`N is the Peclett number.  It is the ratio of the rate of advection by the flow to the rate 
of diffusion of the same quantity driven by an appropriate gradient, expressed as: 
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1.3.2 Dimensionless energy balance 
The energy balance posed with dimensionless variables becomes: 
cc 
(dS)] + ee 

)d]) + ff = gg 
d\ + hh 
d\ + 		 




j is the dimensionless temperature: 
d = ,,.V## 
With coumn’s inlet temperature as ,.V##. 
 k is the dimension less pressure  
i = ((.V## 
With column’s inlet pressure as (.V##. 
























)*+d − n-./Q1  
GG 
−1Q1 
Table 3: Dimensionless EB coefficients 
1.3.3 Dimensionless Langmuir’s isotherm 
Dimensionless Langmuir’s Isotherm must be posed in dimensionless variables too: 
R = Ropq<Q1ℂ= + <Q1ℂ  
Eq: 7.a 
 
And for multicomponent Exchange 
 = Ropq<Q1ℂ= + ∑ <>>Q1ℂ>>  
 Eq:7.b 
Where j is summed over all components. 
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1.3.3 Dimensionless pressure drops 
Another important factor in the study is the effect of pressure drops as the fluid passes 
through the fixed-bed. 
Pressure drops can be estimated as a linear function of position with Ergun equation Eq: 8 
rs = =tu (= − )
)




Where w is the gas viscosity, x is the particle sphericity, @( is the particle diameter and { 
is the gas density. 
 
This estimation allows to work in terms of partial pressure, and to study the effect of 
pressure drops in the process. 
To see the effect of pressure drops in the fluid velocity, the relationship between velocity 
and pressure can estimated with ideal gas law. Eq: 9 express the effect of temperature and 
pressure-variation in the velocity in terms of dimensionless variables assuming that the gases 
follow the Ideal gas law (	| = 	}	,  See Appendix I 
S = di 
Eq: 9 
On the other hand, the balances can be posed in terms of molar fractions using Dalton’s law 
(4)) Eq: 10 to see the effect of pressure drops in the concentration. ℂ = ~	i 
Eq: 10 
 
Where ~ is the dimensionless molar fraction defined as: 
~ = <.V## 
 
With component k inlet molar fraction as <.V##. 
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2. MODELS RESOLUTION: PROFILING 
To solve the differential mass and energy balances, it becomes necessary to resort to 
numerical methods. A lot of numerical methods based on finite differences can be found on 
literature (2) (3), in this work, Integration Over a Control Volume (IOCV) method in implicit form 
has been used (4). 
2.1 IOCV METHOD: DISCRETISATION 
The main objective of discretisation is to convert Partial Differential Equations (PDE) in 
algebraic system of equations for its solving. 
As mentioned above it is assumed that in a height differential all system’s variables are 
uniform, there are no radial position dependent variables. Therefore, the column must be 
discretized in axial coordinate (across column length). 
To carry out the discretisation, the column has to be divided into small adjacent spaces, and 
its representative nodes. This is usually called grid layout Figure 4. It is assumed that variables 
vary linearly between adjacent nodes. 
 
Figure 4: Grid layout 
(Date, A. W. Introduction to Computational Fluid Dynamics, 1st ed.; Cambridge University Press: New 
York, 2005.) 
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When using IOCV method in implicit form, the column is integrated over a control volume Δζ 
and over a time step Δτ Figure 5 to reach an equation with the form: 
	&=, + 	&=, +  = (	& 
Eq: 11 
When integrating, the position derivatives are evaluated at time NEW (subscript n) 
between EAST (i+1) and WEST (i-1) positions, and the time derivatives are evaluated at a fixed 
point (subscript p) between NEW and OLD (subscript o) time, reaching an implicit expression. 
Figure 5: Implicit procedure scheme 
(Date, A. W. Introduction to Computational Fluid Dynamics, 1st ed.; Cambridge University Press: New 
York, 2005.) 
 
Where AE and AW represent conductance between EAST and WEST nodes and evaluated 
point P, SU groups all “old-time” terms, and subscript (i) goes from i=2 to i=NN-1 because 
nodes i=1 and i=NN represent boundary conditions 
To reach an equation with Eq: 11 form if there’s any term with a non-linear expression, it 
must be linearized by using Taylor expansion, in particular first order Taylor expansion Eq: 12, 
to achieve the form of the Eq: 11  
 
#; = #u + ?#;?; ;u ∆ 
Eq: 12 
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2.1.1 MB discretization 
With IOCV and implicit methods general MB discretization Eq: 13 results: 
gco	ℂ&= + go	ℂ&= +  = gs	ℂ& + co	c 
Eq: 13 
Where: 
gco =  )^1 =r]r\ − r\	d&=

	i&=  
go =  )^1 =r]r\ + r\	d&=

i&=  
o = r]ℂ& + r\ℂ&= d&= − d&=i&= + r\	ℂ&=
d&= − d&=i&=  
gso = r] + ^1 =r]r\ 
co = Zr] 
c = R& − R& 
Note that terms referring solid concentration have been isolated for more versatility when 
choosing the model to estimate solid concentration. As stated in previous sections, studies with 
the LEQ and LDF models have been carried out for both single compound and for competitive 
adsorption. 
Full mathematical development of MB discretization can be found in APENDIX I 
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2.1.2 EB discretization 
Similarly to MB, discretized EB Eq: 14results: 
gc1	d&= + g1	d&= + 1 = gs1	d& + c1	c + %''' 
Eq: 14 
Where: 
gc1 = )r\cc	 d&=i&= +
eer] 
g1 = −)r\eer] − cc	 d&=

i&=  
1 = cc	r\	 d&=i&= − cc	r\	
d&=i&= + gg + hhr]d& 
gs1 = gg + hhr] + eer] r\ 
c1 = 		r] 
c = R& − R& 
%''' = −r]	r\	ff  
Full mathematical development of EB discretization can be found in APENDIX I 
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2.2.3 Pressure discretization 
The pressure for every point can be obtained using Eq: 8 with the form: 
(& = (&= − r]		=tu = − )) w	Q1x() + =. zt
= − v
{	Q1)x(  
From i=2 to NN. 
With (= as the inlet pressure ((= = (.V##) 
2.2.4 Boundary and initial conditions 
When every point from i=2 toNN-1 has been discretized, the boundary and initial conditions 
for solving the system of equations need to be fixed. 
All space boundary conditions corresponding to point i=1 are related to inlet values. 
Therefore, the conditions at any time must be: 
	ℂ=' = = 
	d=' = = 
On the other hand, it’s known that at point i=NN, fluid phase concentration and temperature 
will reach a maximum or a minimum value, this implies, at any time: 
	ℂbb=' = 	ℂbb' 
To complete the discretisation, column initial conditions need to be established. This 
mathematical model allows a wide variety of initial conditions. However, for convention on the 
simulation, solute-free and at a single temperature (,Q1) column has been selected. It means: 
	ℂ&u = u    from i=2 to NN 
	d&u = =    from i=2 to NN 
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2.2.5 Simulation stability 
The convergence of the simulation is highly dependent of the precision in the discretisation 
(7,4). To carry out the simulation and reach the convergence in the results the number of time 
and space intervals must be chosen depending on the column characteristics. 
Figure 6 shows how a poor discretisation can lead on strong instabilities on the simulation. 
 
 
Figure 6: Instabilities caused by a poor discretisation (Model III; space intervals 50; time step 100[s]) 
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2.2 RESOLUTION STRATEGY 
After the entire column has been discretized, MB and EB can be solved with a few 
considerations before its simulation. 
When a NEW time variables profile is going to be calculated the equations set is linear only 
when the old time value is known. This force to carry out the simulation step by step, it is, once 
initial conditions are known, time 1 can be calculated then, when time 1 has been calculated, 
time 2 can be calculated, etc. It’s usually called a sequential solution. 
In this case a “While” type loop has been used to go through the sequence. This kind of loop 
is executed until a specific condition is accomplished. For an adsorption process it is when the 
column is saturated or, to put it in another way, when the fluid-phase concentration at the 
column output (point i=NN) does not fulfil the design specifications. In this work the loop stops 
when the fluid-phase concentration at the column output is higher than a 5% of the fluid-phase 
concentration at the column inlet. 
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Figure 7: Simulation algorithm 
Mathematical Modelling of Adsorption 37 
In this work, Wolfram mathematica ® 8.0 software has been used to solve the various 
models developed. Table 4 gives a brief description of these models: 
Increase   
Model Number Description 
Model I One component exchange isobaric & isothermal adsorption with LEQ model 
Model  II One component exchange isothermal adsorption with LEQ model 
Model III One component exchange isothermal adsorption with LDF model 
Model IV Two components exchange isothermal adsorption with LDF model 
Model V One component exchange adiabatic adsorption with LDF model 
Table 4: Adsorption models 
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3. RESULTS 
All the results shown below have been obtained by the simulation of O2 adsorption for one 
component exchange process, and O2/N2 for two components exchange process in a column 
with the parameters that can be found in Table 5 
 
Data  Parameter Value Units 
Gas properties .V## 0.0200 [ ] 
,.V## 300.00 [] 
(.V## 202650 [Pa] 




	¡.V## 5 [mol¥ ] 
¦¡ 2 [∅] 
¦@A¡ 35 [1s] 
%¡ 21000 [
©ªmol] 
	b.V## 20 [mol¥ ] 
¦b 15 [∅] 
¦@Ab 6.2 [1s] 
	7# 20.86 [ ©Kmol ] 
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Bed properties   0.41 [∅] 
  720 [ kg¥] 
 9:; 0.4894 [
molkg adsorbent] 
  1.2 [] 
 x 1 [∅] 
 ./ √5 − 12  L [] 
 ( 0.01 r¹ [] 
 	7! 1000 [ ©Kg ] 
 ¦V## 0.0001 [ º] 
Table 5: Simulation data 
(Extracted from : Robust numerical simulation of pressure swing adsorption process., August 1997. 1997 
and from VMGSim v8.0.41) 
With this data saturation time for each model (see Table 4: Adsorption modelsTable 5) are 
shown in Table 6. 
 
Model Time until saturation [s] 
Model I 8150 
Model  II 8150 
Model III 6220 
Model IV 5350 (1) 
Model V 6130 
(1) In this simulation an initially nitrogen saturated  
column has been selected as initial conditions. 
Table 6: Model’s saturation times 
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The results shown in Table 6 confirm what was told in Section 1.2.2.1, LEQ model predicts 
the maximum time it would take to saturate the column. 
In another way it can be noted that there’s no difference between model I and II. It means 
that pressure drops does not have an appreciable effect in result and they can be neglected. 
On the other hand these results do not provide a clear view of what is the effect of each 
model considerations. To see it clearer it’s better to perform a graphical dimensionless-
comparison of how adsorption process takes place in each of the models. 
 
Figure 8: Model II (Blue) &Model III (Red) models simulations comparison with a 1240 [s] time step 
Figure 8 shows how when LDF model is considered against LEQ model the adsorption is 
slowest and the solute (O2) passes faster through the column leading in a shorter saturation 
time (see Table 6). 
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Figure 9: N2 (Red) /O2 (Blue) gas-phase molar fraction profiles in a fixed time. (Simulated by model IV) 
 
N2 and O2 shown in Figure 9 have been obtained by model IV simulation (see Table 6). In 
this figure can be observed that the model represents the dynamic equilibrium posed by 
Langmuir competitive equation (see Section 1.2.1.1 (1) (2)Whereas the adsorption front 
progresses the nitrogen is begin to displaced from the solid-phase by the oxygen until the 
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Figure 10: Model III (Blue) & Model IV (Red) models simulation comparison with a 1240 [s] time step 
In Figure 10 can be noted that the presence of nitrogen have a strong effect in the velocity 
at which adsorption takes place with. The presence of nitrogen in the solid-phase hinders the 
oxygen adsorption because its presence reduces the available space in the solid to adsorb 
oxygen, leading in a reduction of adsorption potential and in a mass transfer velocity reduction.  
For these reasons the oxygen passes faster through the column by convection leading a 
large saturation time reduction (see Table 6) 
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Figure 11: Temperature profile (Red) & O2 gas-phase molar fraction profile (Blue) in a fixed time. 
(Simulated by model IV) 
In Figure 11 the effect of the heat generation by the adsorption process can be observed 
(see Section 1.1.2). As the adsorption front advances it is releasing heat and raising the 
column temperature but there’s a moment when the inlet fluid (at a low temperature) cools down 
the column again transporting the heat by convection. As the temperature arises the fluid 
velocity is increased because of its expansion  reducing the concentration of solute inside the 
column. 
Figure 12 and Figure 13 show clearer what was told above. In  Figure 12 can be noted for 
a fixed point of the column how when the adsorption front arrives there’s a temperature 
increment which remains until the cold inlet-fluid reduce the temperature again. On the other 
hand, in Figure 13, where the entire-column temperature profile is represented for different 
times, it can be noted how the heat is distributed along the column by convection. 
It is worth noting that the total average temperature inside the column increases 
continuously because no heat transfer with the wall has been considered, and there is a heat 
generation inside of it. This effect is observed in the continuously increasing area below the plot 
in Fig. 12. 
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Figure 12: Temperature profile for a fixed point across time obtained by model V simulation. 
 
Figure 13: Column temperature profiles for at a different times with a 2480 [s] time step 
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4. CONCLUSIONS 
After the discussion of the results and the meaning of each one of these, one can conclude 
that the programs developed in this work accomplish their objectives: “Every model can 
represent the physical phenomena that was made for and predict its behaviour” 
The models have their limitations in meanings of stability at simulation but, for a stable case 
study, every one of them could represent different kinds of processes that can be carried out in 
a fixed-bed column. In this work an adsorption step have been used to confirm the validity of the 
models but any of them could be used to simulate a desorption step or even an entire cycle only 
changing the boundary conditions and assembling the programs that have been developed in 
this work correctly. 
Also all the simulations present constant patterns. The models can simulate how this 
constant pattern is established and how it passes through the column, so these are not only 
useful when describing how the adsorption takes place, but also when designing fixed-bed 
adsorption processes. 
On the other hand as the stringency of the model increase the computational resources 
requirements are highly increased, this is important to keep in mind when choosing which model 
to use in the study or design of a particular adsorption process. The chosen model will depend 
on the level of rigor with which it is wanted to be performed the study or design. 
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 6. NOMENCLATURE 
 
AA, AEe, AEm, APe, APm, AWe, AWm, BB, CC, DD, EE, EQe, EQm, FF, GG, SUe, SUm, 
SP, SE: Coefficients in discretized equations 
C: Fluid-phase concentration	[»¼½D¾ ] ¿a: Heat capacity [ À»¼½Á] ÂÃ : Mixing or Axial dispersion coefficient [DÄG ] ℎÆ: Heat transfer coefficient at wall [ ÇDÄÁ] 
k: Thermal conductivity [ ÇDÁ] Ã: Langmuir’s isotherm parameter 
ÃCÈ : Linear Driving Force Coefficient [ÉG] 
Ê`Ë: Peclett number 
Ì: Average solid-phase concentration [ ÍÎÏ¼½ÐÑËÍÎÒÓÏ¼ÔÕËÖÑ] 
×: Pressure [Pa] 
ØÏÑ: Isosteric heat of adsorption [ À»¼½] M¹ : Column internal radius [] 
Ù: Temperature [] 
Ú: Time [] 
Û: Velocity [DG ] Ü: Fluid-phase mole fraction  
Ý: Bed axial coordinate [] 
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Greek Letters: 
Þ: Dimensionless axial coordinate 
à: Dimensionless adsorbed solid-phase concentration 
j: Dimensionless temperature 
_: Partition ratio 
á: Dimensionless velocity 
âã: Total bed voidage 
äã: Bulk density of packed bed [ ÍÎD¾] å: Dimensionless time 
k: Dimensionless pressure 
ℂ: Dimensionless concentration 
 
Subscripts: 
eff: Refers to effective value 
E, W, P: Refers to grid nodes (EAST, WEST and POINT) 
i: Position in discretized equations 
j: Time in discretized equations 
k : component index 
s, f : Refers to solid - fluid phase 




o, n, t: Refers to time discretization (old, new, undefined) 
reff: Refers to reference value 
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7. APPENDIX I. DISCRETIZATION 
(I) MB DISCRETIZATION 
  +  	 +  
() = æ 
 (&  ) 
 
Rewriting the mass balance using the next dimensionless variables: 
 
W = 	Q1'   T = U 		S = Q1 
(Since this moment all concentrations begin dimensionless concentrations referring to an 
appropriated concentration of reference) 
ℂ = &Q1     R = Q1 
Developing mass balance with dimensionless variables, it transforms to : 
 
 	Q1	Q1[	\ +  	
Q1Q1








Sℂ] =  
	Q1	] ℂ ]  







Z =  Q1Q1 
^1 = Q1  
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Separating time and space derivatives 




(Sℂ)] − =^1 

)ℂ])  
Discretization using Integration Over a Control Volume (IOCV) method: 
In this method, the RHS and LHS of Equation 2.5 are integrated over a control 
volume x  and over a time step t (in the dimensionless system  case  and ).  
Time derivative will be evaluated in a fixed point (point P), and position derivative at the 
same time (the time will depend in which method is selected (implicit or explicit)). 
Thus, 
ê(æé|() = ì í (





− =^1 ì ì (




















ê(æé|() = [(Sℂ)|V − (Sℂ)|+]r\ − =^1 îℂ)]  |V − ℂ)]  |+ï r\ 
It is further assumed that  varies linearly with  between adjacent nodes. Then: 
ℂ] |V = ℂℂ(r]V  and ℂ] |+ = ℂ(ℂr]+  , replacing it in Int	LHS|ó it transforms into: 
ê	æé|( = [Sℂ|V' − Sℂ|+']r\ − =^1 [ℂ
' − ℂ('r]V −
ℂ(' − ℂ'r]+ ]r\ 
Similarly : 
êèé|( = −Zr]R( − R( + r]ℂ( − ℂ( 
 
Substituting in the dimensionless mass balance and rearranging terms: 
[Sℂ|V' − Sℂ|+']r\ − =^1 [ℂ − ℂ(
'
r]V −
ℂ(' − ℂ'r]+ ]r\ == −Zr]R( − R( + r]ℂ( − ℂ( 
[Sℂ' − Sℂ']r\ − =^1 [ℂ
' − ℂ('r]V −
ℂ(' − ℂ'r]+ ]r\ == −Zr]R( − R( + r]ℂ( − ℂ( 
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r]+ r\ = Zr]R − Zr]R + r]ℂ − r]ℂ 
((S)r\ − =^1 =r]V r\)ℂ' − ((S)r\ +
=^1 =r]+ r\)ℂ' + (
=^1 =r]V r\ ++ =^1 =r]+ r\)ℂ(' = Zr]R( − Zr]R( + r]ℂ( − r]ℂ( 
((S)r\ − =^1 =r]V r\)ℂ' − ((S)r\ +
=^1 =r]+ r\)ℂ' + (
=^1 =r]V r\ ++ =^1 =r]+ r\)ℂ(' = −Zr]c + r]ℂ( − r]ℂ( 
Where: c = R( − R( 
 
Using implicit procedure: 
When using implicit procedure, East and Wes points are evaluated in time new (n) and P point 
in the old time, then: 
 
((S)r\ − =^1 =r]V r\)ℂ − ((S)r\ +
=^1 =r]+ r\)ℂ + (
=^1 =r]V r\ ++ =^1 =r]+ r\)ℂ( = −Zr]c + r]ℂ( − r]ℂ( 
((S)r\ − =^1 =r]V r\)ℂ − ((S)r\ +
=^1 =r]+ r\)ℂ − r]ℂ( == −Zr]c − ( =^1 =r]V r\ +
=^1 =r]+ r\ + r])ℂ( 
( =^1 =r]V r\ − (S)r\)ℂ + ((S)r\ +
=^1 =r]+ r\)ℂ + r]ℂ( == Zr]c + ( =^1 =r]V r\ +
=^1 =r]+ r\ + r])ℂ( 
 
−ôõ{: r]+ = r]V = r])  
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( =^1 )r] r\ − (S)r\)ℂ + ((S)r\ + =^1 )r] r\)ℂ + r]ℂ( =
= (r] + =^1 )r] r\ + =^1 )r] r\)ℂ( + Zr]c 
 
The equation correspondent for every point along the column length with ni= (qi/Pi) (developed 
in EB discretization development) is : 
 )^1 =r] r\ℂ&= − (d)&=i&= r\ℂ&= +
(d)&=i&= r\ℂ&= +
)^1 =r] r\ℂ&= +
+ r]ℂ& = (r] − ^1 =r] r\)ℂ& + Zr]c (kö 	is	known	in	everypoint	along	the	column, it	stimated	with	Ergunequation) 
 
 
 1	õ	õ − 1pQ	1Qo		d&ℂ& 
 
p{(d)&=ℂ&= 



































 + r]ℂ& +
+ r\i&= ℂ&=(d&= − d&=) +
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For	one	component	exchange,	MB	discretitzation	for	
	& = )	õ^^ − =	 
 
gcoℂ&= + goℂ&= +  = gsℂ& + coc 
 1Q1 
 
gco = ( )^1 =r] r\ − r\ d&=

i&= ) 
go = ( )^1 =r] r\ + r\ d&=

i&= ) 
o = r]ℂ& + r\i&= ℂ&=(d&= − d&=) +
r\i&= ℂ&=(d&= − d&=) 
gso = (r] + ^1 =r] r\) co = Zr] c = R& − R&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(II) EB DISCRETIZATION 
 
( +  ()' )




+ ()  # + )*+(, −  -)./ =

 [1  # ] 
[ + ,()]  " −  (%)&'

 − 
(() + ,()   +
+ )*+(, −  -)./ = 1





for	adiabatic	operation )*+(, −  -)./ = u 
 
!  " + ,()  " −  (%)'

 −  s + ,()   +
+ )*+,./ −





' = WQ1 ; U = T; = SQ1;' = ℂ'Q1; = RQ1;( = i(Q1;, == d,Q1; 




















(ℂ'()) nS] + )*+(d − n-)./Q1Q1 =
= −(!)Q1 n\ − (ℂ'()) n"\ + ( ∑' (%
)Q1),Q1Q1 
R\ +





(dS)] + ee 

)d]) + ff = gg 
d\ + hh 
d\ + 		 
R\ +  
(i)\  
 
æé = cc 
(dS)] + ff 
èé = gg 
(d)\ + hh 
(d)\ + 		 
R\ +  
(Ϟ)\  gg = −(!); hh = −('()); 
		 = (  (%)g Q1),Q1 ; 
 = ((Q1),Q1  cc = ('()); 
ff = )*+(d − n-)./Q1  
ee = −(1)Q1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Discretization using Integration Over a Control Volume (IOCV) method: 

















ê(æé|() = cc[(dS)|V' − (dS)|+']r\ + r]r\ff|7' + ee[d − d('r]V −
− d(' − d'r]+ ]r\ 


























ê(èé|() = ggr](d7 − d7) + hhr](d7 − d7) + 		r](R,7 − R,7) ++ r](i7 − i7) 
cc[(dS)|V' − (dS)|+']r\ + ee[d − d('r]V −
d(' − d'r]+ ]r\ + r]r\ff|7' == ggr]	(d − d) + hhr][(d7) − (d7)] + 		r](R,7 −− R,7) + r](i7 − i7) 
cc[(dS)|V' − (dS)|+']r\ + ee d'r]V r\ − ee
d('r]V r\ − ee
d('r]+ r\ + ee
d'r]+ r\ ++ r]r\ff|7' == ggr]	(d − d) + hhr][(d7) − (d7)] + 		r](R,7 −− R,7) + r](i7 − i7) 
Usingideal − gaslaw 
% = },(  
 = % so, 
Q1 = %%Q1 =
},(Q1},Q1(Q1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 = lõ1qp{1"{p1 + m, ôõô{	p	 <<<
< õ1qp{1"{p1 ⟹  = Q1 == 1, p"	Q1ôQ1	pQ1	1pQ	-	õõ(op1"	ô{	cQ{ô	1ôpõ) 
 Q1 = (
Q1,(,Q1 , p	o1p, S = di 
 
Then, integred energy balance transforms to 
cc[(d)i )|V' − (d
)
i )|+']r\ + ee d
'
r]V r\ − ee
d('r]V r\ − ee
d('r]+ r\ + ee
d'r]+ r\ ++ r]r\ff|7' == ggr]	(d − d) + hhr][(d7) − (d7)] + 		r](R,7 −− R,7) + r](Ϟ7 − Ϟ7); 
 
Using implicit procedure 
[(d)i )|V − (d
)
i )|+]r\ + ee d

r]V r\ − ee
d(r]V r\ − ee
d(r]+ r\ + ee
dr]+ r\ ++ r]r\ff|7 == ggr]	(d|7 − d|7) + hhr][(d)|7 − (d)|7] + 		r](R|7 −− R|7) 
Linearizing using Taylor and rearranging terms; 
d)V,+ = )dd|V,+ − (d))|V,+; 
 
)ccr\ dViV dV − )ccr\




− )eer] d(r\ − )eer] d(r\ + )eer] dr\ + ggr]d|7 ++ hhr]d7 == ggr]n|7 + hhr]d7 + 		r]R,7 − 		r]R,7 −− r]r\ff|7; 
)r\(cc dViV +
eer] )dV + )r\(eer] − cc d+

i+ )d+ + ccr\
(d+))i+ − ccr\
(dV))iV ++ (gg + hh)r]d|7 =
= ((gg + hh)r] + eer] r\)d|7 + 		r](R,7 − R,7) −− r]r\ff|7 
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For one component exchange, EB equation for every point across the column length is 
 gcdV + gd+ +  = gsd7 + cc1 + %'''; 
Where 
gc[&] = )r\(cc dViV +
eer] ) 
g[&] = −)r\(eer] − cc d+

i+ ) 
[&] = ccr\ (d+))i+ − ccr\
(dV))iV + (gg + hh)r]d|7; 
gs = ((gg + hh)r] + eer] r\) c = 		r] c1 = (R&,> − R&,>=) %''' = −r]r\ff[&] gg = −	; hh = −'() 
		 =   ((Q1)>(%)>)g ,Q1 ;	(it's supposed constant, and for one component 
exchange,	 (%)>' = (%)) cc = ()'; 
ff[&] = )*+(d&,> − n-)Q1./ (p"pp, ff = u) 
ee = −(1)Q1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8. APPENDIX II: PROGRAMS 












nmax=0.489353418;   










nref=(KL nmax Cref)/(1+ KL Cref); 
ηmax=nmax/nref; 























Set of equations : 
AE=2/Npe 1/∆ζ ∆τ-ν ∆τ; 
AW=2/Npe 1/∆ζ ∆τ+ν ∆τ; 
SP=(ξb ∆ζ+2/Npe 1/∆ζ ∆τ+2/Npe 1/∆ζ ∆τ); 
SU[i_]:=ξb ∆ζ ℂi,j-1; 
EQ[i_]:=ηmax KL Cref( (ℂi,j-ℂi,j-1)/(1+KL Cref Subscript[ℂ, i,j-
1])2); 
SE=Λ ∆ζ; 























saturationt= (nτ) ∆t "[s]"; 
Print["Time until saturation: ",saturationt]; 
Time until saturation: _8150 [s] 
Table[ηi,j=ℂi,j/(1+KL Cref ℂi,j),{i,1,NN},{j,0,nτ}]; 
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-Gas phase profile: 
TIME=1; 
PC=Manipulate[ListPlot[ 
   {Partition[Flatten[Table[{(i-1) 
∆ζ/L,ℂi,j},{i,1,NN},{j,Floor[(TIME)],Floor[(TIME)]}]],2]}, 
    
   Joined→True, 
   PlotStyle→{Blue}, 
   PlotLabel→{"O2 gas phase profile"}, 
   PlotRange→{{0,1.1},{0,1.1}}, 
   AxesLabel→{"Positio [ζ]","[ℂ]"}], 
   




-Solid phase profile: 
PN=Manipulate[ListPlot[{Partition[Flatten[Table[{(i) ∆ζ/L,ηmax 
KL Cref( ℂi,j/(1+KL Cref ℂi,j))},{i,1,NN},{j,Floor[(TIME)],Floor[(TIME)]}]],2]}, 
    
   Joined→True, 
   PlotStyle→{Blue}, 
   PlotLabel→{"O2 solid phase profile"}, 
   PlotRange→{{0,1},{0,1.1}}, 
   AxesLabel→{"Positio [ζ]","[η]"}], 
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nmax=0.489353418;   

















nref=(KL nmax Cref)/(1+ KL Cref); 
ηmax=nmax/nref; 
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Pressure drops estimation 
 P1=Pref 
Table[Pi=Pi-1-∆ζ L  (150 (1-Subscript[ξ, b])
2/Subscript[ξ, b]2 (µg 
















 AE[i_]:=2/Npe 1/∆ζ ∆τ- ∆τ/Πi+1; 
AW[i_]:=2/Npe 1/∆ζ ∆τ+∆τ/Πi-1; 
SP=(ξb ∆ζ+2/Npe 1/∆ζ ∆τ+2/Npe 1/∆ζ ∆τ); 
SU[i_,j_]:=ξb ∆ζ Πi Ψi,j-1; 
EQ[i_,j_]:=ηmax KL Cref( (Πi Ψi,j-Πi Ψi,j-1)/(1+KL Cref 
Subscript[Π, i] Subscript[Ψ, i,j-1])2); 
 
SE=Λ ∆ζ; 






























saturationt= (nτ) ∆t "[s]"; 
Print["Time until saturation: ",saturationt]; 
 Time until saturation: _8150 [s] 
 Table[ηi,j=(Πi Ψi,j)/(1+KL Cref Πi Ψi,j),{i,1,NN},{j,0,nτ}]; 







-Gas phase profile: 
 TIME=1; 
PC=Manipulate[ListPlot[ 
   {Partition[Flatten[Table[{(i-1) 
∆ζ/L,Ψi,j},{i,1,NN},{j,Floor[(TIME)],Floor[(TIME)]}]],2]}, 
    
   Joined→True, 
   PlotStyle→{Blue}, 
   PlotLabel→{"O2 gas phase profile"}, 
   PlotRange→{{0,1.1},{0,1.1}}, 
   AxesLabel→{"Positio [ζ]","[Ψ]"}], 
   




-Solid phase profile: 
 PN=Manipulate[ListPlot[{Partition[Flatten[Table[{(i) ∆ζ/L,ηmax 
KL Cref( (Πi Ψi,j)/(1+KL Cref Πi 
Ψi,j))},{i,1,NN},{j,Floor[(TIME)],Floor[(TIME)]}]],2]}, 
    
   Joined→True, 
   PlotStyle→{Blue}, 
   PlotLabel→{"O2 solid phase profile"}, 
   PlotRange→{{0,1},{0,1.1}}, 
   AxesLabel→{"Positio [ζ]","[η]"}], 
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nmax=0.489353418;   

















nref=(KL nmax Cref)/(1+ KL Cref); 
ηmax=nmax/nref; 
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Pressure drops estimation 
 P1=Pref 
Table[Pi=Pi-1-∆ζ L  (150 (1-Subscript[ξ, b])
2/Subscript[ξ, b]2 (µg 
















 AE[i_]:=2/Npe 1/∆ζ ∆τ- ∆τ/Πi+1; 
AW[i_]:=2/Npe 1/∆ζ ∆τ+∆τ/Πi-1; 
SP=(ξb ∆ζ+2/Npe 1/∆ζ ∆τ+2/Npe 1/∆ζ ∆τ); 
SU[i_,j_]:=ξb ∆ζ Πi Ψi,j-1; 
EQ[i_,j_]:=ηmax KL Cref( (Πi Ψi,j-Πi Ψi,j-1)/(1+KL Cref 
Subscript[Π, i] Subscript[Ψ, i,j-1])2); 
 
SE=Λ ∆ζ; 





 SetDelayed::write: Tag _Real_ in _0.0740278[i_]_ is Protected. 
à 
 SetDelayed::write: Tag _Real_ in _0.210694[i_]_ is Protected. à 

























saturationt= (nτ) ∆t "[s]"; 
Print["Time until saturation: ",saturationt]; 
 Time until saturation: _8150 [s] 
 Table[ηi,j=(Πi Ψi,j)/(1+KL Cref Πi Ψi,j),{i,1,NN},{j,0,nτ}]; 







-Gas phase profile: 
 TIME=1; 
PC=Manipulate[ListPlot[ 
   {Partition[Flatten[Table[{(i-1) 
∆ζ/L,Ψi,j},{i,1,NN},{j,Floor[(TIME)],Floor[(TIME)]}]],2]}, 
    
   Joined→True, 
   PlotStyle→{Blue}, 
   PlotLabel→{"O2 gas phase profile"}, 
   PlotRange→{{0,1.1},{0,1.1}}, 
   AxesLabel→{"Positio [ζ]","[Ψ]"}], 
   




-Solid phase profile: 
 PN=Manipulate[ListPlot[{Partition[Flatten[Table[{(i) ∆ζ/L,ηmax 
KL Cref( (Πi Ψi,j)/(1+KL Cref Πi 
Ψi,j))},{i,1,NN},{j,Floor[(TIME)],Floor[(TIME)]}]],2]}, 
    
   Joined→True, 
   PlotStyle→{Blue}, 
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   PlotLabel→{"O2 solid phase profile"}, 
   PlotRange→{{0,1},{0,1.1}}, 
   AxesLabel→{"Positio [ζ]","[η]"}], 
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ρg=Pref/(Tref 8.314) (0.008 28.0+0.002 32.0+0.99 16.0)/1000.0; 
 
 
Npe=(vreff L)/DL;  

















YOref=COref/( Pref/(Tref 8.314)); 
yNref=CNref/( Pref/(Tref 8.314)); 
nOref=(KLO nmax COref)/(1+KLN CNref+ KLO COref); 
ηmaxO=nmax/nOref; 
ΛO= (ρb nmax)/COref; 
 
nNref=(KLN nmax CNref)/(1+ KLN CNref+KLO COref); 
ηmaxN=nmax/nNref; 

















Pressure drops estimation 
  
P0=Pref; 
Table[Pi=Pi-1-∆ζ L  (150 (1-Subscript[ξ, b])
2/Subscript[ξ, b]2 (µg 














Nitrogen Initial conditions 
 ΨN1,0=1; 
InitialCond=Table[ΨNi,0=1,{i,2,NN}]; 
InitialCond=Table[ηNi,0=(KLN nmax CNref)/(1+ KLN 
CNref)/nNref,{i,1,NN}]; 













Oxygen Set of equations : 
 AEO[i_]:=2/Npe 1/∆ζ ∆τ-∆τ/Πi+1; 
AWO[i_]:=2/Npe 1/∆ζ ∆τ+∆τ/Πi-1; 
SPO=(ξb ∆ζ+2/Npe 1/∆ζ ∆τ+2/Npe 1/∆ζ ∆τ); 




EQO[i_,j_]:=COref KLO (((Πi ΨOi,j-Πi ΨOi,j-1) (1+Πi ΨNi,j-1 CNref 
KLN))/(1+Subscript[Π, i] Subscript[ΨN, i,j-1] CNref 
KLN+Subscript[Π, i] Subscript[ΨO, i,j-1] COref KLO)2+((-Πi 
ΨNi,j+Πi ΨNi,j-1) CNref Πi ΨOi,j-1 KLN)/(1+Subscript[Π, i] 
Subscript[ΨN, i,j-1] CNref KLN+Subscript[Π, i] Subscript[ΨO, 
i,j-1] COref KLO)2+(Πi ΨOi,j-1)/(1+Πi ΨNi,j-1 CNref KLN+Πi ΨOi,j-1 COref 
KLO)) ηmaxO-((COref KLO (Πi ΨOi,nτ-1) ηmaxO)/(1+Πi ΨOi,nτ-1 COref 











Nitrogen Set of equations : 
 AEN[i_]:=2/Npe 1/∆ζ ∆τ-∆τ/Πi+1; 
AWN[i_]:=2/Npe 1/∆ζ ∆τ+∆τ/Πi-1; 
SPN=(ξb ∆ζ+2/Npe 1/∆ζ ∆τ+2/Npe 1/∆ζ ∆τ); 
SUN[i_,j_]:=ξb ∆ζ Πi ΨNi,j-1; 









EQN[i_,j_]:=CNref KLN (((Πi ΨNi,j-Πi ΨNi,j-1) (1+Πi ΨOi,j-1 COref 
KLO))/(1+Subscript[Π, i] Subscript[ΨO, i,j-1] COref 
KLO+Subscript[Π, i] Subscript[ΨN, i,j-1] CNref KLN)2+((-Πi 
ΨOi,j+Πi ΨOi,j-1) COref Πi ΨNi,j-1 KLO)/(1+Subscript[Π, i] 
Subscript[ΨO, i,j-1] COref KLO+Subscript[Π, i] Subscript[ΨN, 
i,j-1] CNref KLN)2+(Πi ΨNi,j-1)/(1+Πi ΨOi,j-1 COref KLO+Πi ΨNi,j-1 CNref 
KLN)) ηmaxN-((CNref KLN (Πi ΨNi,nτ-1) ηmaxN)/(1+Πi ΨOi,nτ-1 COref 






eqN[i_,j_]:=AEN[i] Πi ΨNi+1,j+AWN[i] Πi ΨNi-1,j+SUN[i,j]==SPN Πi 
ΨNi,j+SEN EQN[i,j]; 
eqN[NN,j_]:=ΨNNN,j	ΨNNN-1,j; 


























  Table[ηOi,nτ=N[COref KLO (((Πi ΨOi,nτ-Πi ΨOi,nτ-1) (1+Πi ΨNi,nτ-1 CNref 
KLN))/(1+Subscript[Π, i] Subscript[ΨN, i,nτ-1] CNref 
KLN+Subscript[Π, i] Subscript[ΨO, i,nτ-1] COref KLO)2+((-Πi 
ΨNi,nτ+Πi ΨNi,nτ-1) CNref Πi ΨOi,nτ-1 KLN)/(1+Subscript[Π, i] 
Subscript[ΨN, i,nτ-1] CNref KLN+Subscript[Π, i] Subscript[ΨO, 
i,nτ-1] COref KLO)2+(Πi ΨOi,nτ-1)/(1+Πi ΨNi,nτ-1 CNref KLN+Πi ΨOi,nτ-1 
COref KLO)) ηmaxO-((COref KLO (Πi ΨOi,nτ-1) ηmaxO)/(1+Πi ΨOi,nτ-1 
COref KLO+Πi ΨNi,nτ-1 CNref KLN)-ηOi,nτ-1)/
∆τ
 LDFKO],{i,1,NN}]; 
 Table[ηNi,nτ=N[CNref KLN (((Πi ΨNi,nτ-Πi ΨNi,nτ-1) (1+Πi ΨOi,nτ-1 COref 
KLO))/(1+Subscript[Π, i] Subscript[ΨO, i,nτ-1] COref 
KLO+Subscript[Π, i] Subscript[ΨN, i,nτ-1] CNref KLN)2+((-Πi 
ΨOi,nτ+Πi ΨOi,nτ-1) COref Πi ΨNi,nτ-1 KLO)/(1+Subscript[Π, i] 
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Subscript[ΨO, i,nτ-1] COref KLO+Subscript[Π, i] Subscript[ΨN, 
i,nτ-1] CNref KLN)2+(Πi ΨNi,nτ-1)/(1+Πi ΨOi,nτ-1 COref KLO+Πi ΨNi,nτ-1 
CNref KLN)) ηmaxN-((CNref KLN (Πi ΨNi,nτ-1) ηmaxN)/(1+Πi ΨOi,nτ-1 









saturationt= (nτ) ∆t "[s]"; 
Print["Time until saturation: ",saturationt]; 
 Time until saturation: _5330 [s] 
 
 













Solute profiles : 






    
   Joined→True, 
   PlotStyle→{Blue,Red}, 
   PlotLabel→{"Blue line -> O2 profile","Red line -> N2 
profile"}, 
   PlotRange→{{0,1.1},{0,1.1}}, 
   AxesLabel→{"Dimensionless Position [ζ]","Dimensionless 
Concentration [Ψ]"}], 
   
  {TIME,0,nτ}] 
  
 (*Export["Prflslt_GP_NN100_K2.swf",PC]*); 




    
   Joined→True, 
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   PlotStyle→{Blue,Red}, 
   PlotLabel→{"Blue line -> O2 profile","Red line -> N2 
profile"}, 
   PlotRange→{{0,1},{0,0.5}}, 
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ρb=720 ;  
Pref=2 101325; 


























nref=(KL nmax Cref)/(1+ KL Cref); 
ηmax=nmax/nref; 












∆τ=(ξb vreff ∆t)/L; 






Pressure drops estimation 
 P1=Pref 
Table[Pi=Pi-1-∆ζ L  (150 (1-Subscript[ξ, b])
2/Subscript[ξ, b]2 (µ 





























 AEm[i_,j_]:=2/Npe 1/∆ζ ∆τ-θi+1,j-1/Πi+1 ∆τ; 
AWm[i_,j_]:=2/Npe 1/∆ζ ∆τ+θi-1,j-1/Πi-1 ∆τ; 
APm=(ξb ∆ζ+2/Npe 1/∆ζ ∆τ+2/Npe 1/∆ζ ∆τ); 
SUm[i_,j_]:=ξb ∆ζ Πi Ψi,j-1+∆τ/Πi-1 Πi-1 Ψi-1,j-1  (θi-1,j- θi-
1,j-1)+∆τ/Πi+1 Πi+1  Ψi+1,j-1( θi+1,j-1- θi + 1,j ); 
EQm[i_,j_]:=(Cref KL (Πi Ψi,j+(Subscript[Π, i] Subscript[Ψ, i,j-
1])2 Cref KL) ηmax)/(1+Subscript[Π, i] Subscript[Ψ, i,j-1]Cref 
KL)2-1/∆τ LDFK (ηmax KL Cref( (Πi Ψi,j-1)/(1+KL Cref Πi Ψi,j-
1))-ηi,j-1)-ηi,j-1; 
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SEm=Λ ∆ζ; 
eqm[i_,j_]:=AEm[i,j] Πi+1 Ψi+1,j+AWm[i,j]Πi-1 Ψi-







BB[i_]:=-ξb Cpf Cti; 
CC=(nref ρb qst)/Tref; 
EE[i_]:=Cpf Cti; 
GG=-(Kef)/( ξb L vreff); 
AE[i_,j_]:=2∆τ(EE[i+1] θi+1,j-1/Πi+1+GG/∆ζ); 
AW[i_,j_]:=2∆τ(-EE[i-1] θi-1,j-1/Πi-1+GG/∆ζ); 
SU[i_,j_]:=EE[i-1] ∆τ (Subscript[θ, i-1,j-1])2/Πi-1-EE[i+1] ∆τ 
(Subscript[θ, i+1,j-1])2/Πi+1+(AA+BB[i])∆ζ θi,j-1; 
AP[i_]:=(AA+BB[i])∆ζ+4∆τ GG/∆ζ; 
SE=CC ∆ζ; 
EQe[i_,j_]:=(Cref KL (Πi Ψi,j+(Subscript[Π, i] Subscript[Ψ, i,j-
1])2 Cref KL) ηmax)/(1+Subscript[Π, i] Subscript[Ψ, i,j-1] Cref 
KL)2-(ηmax KL Cref( (Πi Ψi,j-1)/(1+KL Cref Πi Ψi,j-1))-ηi,j-
1)/∆τ LDFK-ηi,j-1; 
 




























 Table[θ(i-NN+2),nτ=N[solution1[[i]]],{i,NN, 2NN-2}]; 
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 Table[ηi,nτ=N[(Cref KL (Πi Ψi,nτ+Πi Subscript[Ψ, i,nτ-1]2 Cref 
KL) ηmax)/(1+Subscript[Π, i] Subscript[Ψ, i,nτ-1] Cref KL)2-






saturationt= (nτ) ∆t; 
Print["Time until saturation: ",saturationt,"[s]"]; 
 Time until saturation: _6170_[s] 










-Gas phase profile: 
 TIME=1; 
PC=Manipulate[ListPlot[ 




    
   Joined→True, 
    
   PlotLabel→{"O2 gas phase profile"}, 
   PlotRange→{{0,1},{0,1.6}}, 
   AxesLabel→{"Positio [ζ]","[]"}], 
   




-Solid phase profile: 
 PN=Manipulate[ListPlot[{Partition[Flatten[Table[{(i) ∆ζ/L,nref 
ηi,j},{i,1,NN},{j,Floor[(TIME)],Floor[(TIME)]}]],2]}, 
    
   Joined→True, 
   PlotStyle→{Blue}, 
   PlotLabel→{"O2 solid phase profile"}, 
   PlotRange→{{0,1},{0,nref+0.1}}, 
   AxesLabel→{"Positio [ζ]","[η]"}], 
   
  {TIME,0,nτ}] 
  
 (*Export["Prflslt_SP_NN100_K2.swf",PN]*); 
 PT=Manipulate[ListPlot[{Partition[Flatten[Table[{(i) ∆ζ/L,Tref 
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θi,j},{i,1,NN},{j,Floor[(TIME)],Floor[(TIME)]}]],2]}, 
    
   Joined→True, 
   PlotStyle→{Red}, 
   PlotLabel→{"Colum temperature profile"}, 
   PlotRange→{{0,1},{Tref,Tref +15}}, 
   AxesLabel→{"Positio [ζ]","[η]"}], 
   
  {TIME,0,nτ}] 
  
  
PointProfile=75(*Select the point (from 1 to NN) that you want 
to see temperature profile acrros the time*) 
 
puntofijo=ListPlot[{Partition[Flatten[Table[{(ξb vreff j 
∆t)/L,θi,j},{i,PointProfile,PointProfile},{j,0,nτ}]],2]},Joined→
True, 
  PlotStyle→{Red}, 
  PlotLabel→"Point 0.25[ζ] temperature profile across time", 
  ImageSize→{800 0.58,0.58 600}, 
  LabelStyle→Directive[Bold,Black], 
  PlotRange→{{0,(ξb vreff nτ ∆t)/L},{1,1.05}}, 













Point 0.25@zD temperature profile across time
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 imagenTpuntofijo.png 
 PV=Manipulate[ListPlot[{Partition[Flatten[Table[{(i) ∆ζ/L,Πi 
θi,j},{i,1,NN},{j,Floor[(TIME)],Floor[(TIME)]}]],2]}, 
    
   Joined→True, 
   PlotStyle→{Red}, 
   PlotLabel→{"Colum temperature profile"}, 
   PlotRange→{{0,1},{1,1.05}}, 
   AxesLabel→{"Positio [ζ]","[η]"}], 
   
  {TIME,0,nτ}] 
  
  
 
 
 
